Abstract This study was carried out to determine whether hemodynamics in inactive forearm muscle during ramp leg cycling is affected from the ventilatory threshold (VT) and respiratory compensation point (RCP), at which the rate of increase in ventilation (V E) against power output begins to increase abruptly. Change in hemodynamics was evaluated by change in oxygenation index (difference between concentrations of oxygenated hemoglobin and deoxygenated hemoglobin, HbD) measured using near-infrared spectrometry (NIRS). Each subject (nϭ9) performed 4-min constant-workrate leg cycling and subsequent ramp leg cycling at an increasing rate of 10 watts · min Ϫ1 in power output. The work rates at VT, RCP and peak oxygen uptake (V O 2 peak ) were 107Ϯ11, 172Ϯ21 and 206Ϯ20 watts, respectively. The rates of increase in V E between 10-watt leg cycling, VT, RCP and V O 2 peak were 0.19Ϯ0.03, 0.44Ϯ0.07 and 1.32Ϯ 0.47 l · min Ϫ1 · watts Ϫ1 , respectively. In one subject, HbD started to decrease during ramp exercise from the VT, and the rate of decrease increased at a high intensity of exercise. In eight subjects, although no decrease in HbD from the VT was observed, HbD showed a sudden drop at a high intensity of exercise. The work rate at which HbD began to decrease at a high intensity of exercise was 174Ϯ23 watts. This work rate was not significantly different from that at the RCP and was significantly correlated with that at the RCP (rϭ0.72, PϽ0.05). The results suggest that the abrupt increase in V E from the RCP affects hemodynamics, resulting in a decrease in HbD in inactive forearm muscle.
Introduction
Although cardiac output increases linearly with the increase of power output, the rate of increase in ventilation per minute (V E) against the power output begins to rise abruptly from the ventilatory threshold (VT) and the rate of increase in V E becomes greater from the respiratory compensation point (RCP) during ramp leg cycling. Since V E increases linearly with the increase of ventilatory muscle work (Wanke et al., 1991) , the fraction of cardiac output to the ventilatory muscle will begin to increase from the VT and the fraction becomes greater from the RCP. This might cause a decrease in blood flow to the limb muscle. The reason for this is as follows. Harms et al. (1997) reported that when the work of respiratory muscles was increased during maximal leg cycling using a ventilator, blood flow and oxygen supply to the exercising leg was reduced. Furthermore, Sheel et al. (2001) reported that the leg blood flow at rest was reduced when fatiguing the inspiratory muscle work was loaded via voluntary increase in inspiratory effort against resistance. These findings suggest that the respiratory muscles have priority over limb muscles in terms of blood flow distribution. However, although the change in blood flow to the inactive forearm during incremental leg cycling has been studied using venous occlusion plethysmography (Smolander et al., 1987) , the relationship between the change in blood flow and the VT or RCP has not been elucidated. Furthermore, since the blood flow measured using venous occlusion plethysmography includes total flow to various tissues, the change in total blood flow during exercise will depend largely on the changes in muscle and the skin blood flow involved in the limb (Kagaya, 1993) , the change in muscle blood flow itself has not been determined.
A decrease in blood flow leads to the decreases in oxygen supply and subsequent decreases in venous oxygen saturation. The venous oxygen saturation is estimated by the oxygenation index, which is the difference between concentrations of oxygenated hemoglobin and deoxygenated hemoglobin (HbD), measured using near-infrared spectrometry (NIRS) (McCully and Hamaoka, 2000) . Since the saturation represents a dynamic balance between the oxygen supply and consumption (Quaresima et al., 2003) , the change in HbD would reflect mainly the change in the oxygen supply in muscle in which the level of oxygen consumption is almost constant. The advantage of NIRS is that since the influence of the skin blood flow on the NIRS signal is minimal (Mancini et al., 1994) , NIRS enables determination of the change in HbD at the level of skeletal muscle microcirculation such as arterioles, capillaries, and venules (Hansen et al., 1996) . The change in HbD is also caused by a decrease in venous blood volume (McCully and Hamaoka, 2000) . However, the decrease in the blood volume is caused by an imbalance between the blood inflow and outflow. Thus, HbD can be an index of hemodynamic responses although the cause of the change in HbD is not confined to the blood inflow.
We hypothesized that HbD in the inactive forearm muscle during ramp leg cycling begins to decrease from the VT and the rate of decrease becomes greater from the RCP. The aim of this study was to determine the validity of the hypothesis.
Methods

Subjects
Nine healthy male participators with a mean (ϮSD) age of 21.9Ϯ3.1 years, mean height of 171.4Ϯ5.4 cm, and mean weight of 65.0Ϯ9.3 kg were involved in this study. Voluntary consent was obtained from all subjects after informing them of the purpose of the experiment, the procedure, and possible risks. The local ethics committee approved this study.
Experimental protocol
Ramp leg cycling was performed using a bicycle ergometer (Ergometer 232CXL, Combi, Tokyo, Japan). The seat height was adjusted so that there was a slight bend in the knee joint when the foot pedal was at its lowest point. The subjects rested for 5 min in the upright position. After 4 min of 10-watt warming up, the work-load was increased by 10 watts every minute until exhaustion. The subjects were then allowed to recover for 5 min. Each subject performed ramp exercise by the same procedure three times. The results from three identical tests were pooled for data analysis described below.
In the present study, the NIRS signal was measured from the right forearm, while the blood pressure was measured from the left upper arm. Therefore, the subjects were asked to keep their arms resting as much as possible on a table adjusted to the height of heart level throughout the rest, exercise and recovery periods. All exercises were performed at 60 rpm. Data on NIRS, gas parameters, heart rate (HR), and blood pressure were measured in each of the three ramp exercises. Peak oxygen uptake (V O 2 peak ) obtained during each of the exercises was defined as the peak value.
Measurements
Muscle oxygenation
The changes in muscle oxygenation were estimated using NIRS (HEO200N, Omron, Tokyo, Japan). The device used for measurements consisted of a probe and a computerized control system. The NIRS probe consisted of a light source and an optical detector, with a distance of 3.0 cm between the light source and the detector. The dual-wavelength light (760 and 850 nm) emitted from the light source penetrates tissue, where it is either absorbed or scattered, and some of the scattered light returns to the optical detector. The depth of penetration of the radiation is about 1.5 cm (McCully and Hamaoka, 2000) . The changes in oxygenated and deoxygenated hemoglobin concentrations (HbO 2 and Hb, respectively) were calculated by the following equations (Shiga et al., 1997) : where D indicates change, OD is the optical density, and Kϭ0.146 at a distance of 3 cm between the light source and the detector. The change in total hemoglobin concentration (HbT) is the sum of HbO 2 and Hb. In the present study, the difference between HbO 2 and Hb (HbD) was taken as an index of oxygen saturation (McCully and Hamaoka, 2000) .
It is known that both hemoglobin and myoglobin absorb NIRS radiation. There are conflicting data regarding the influence of the myoglobin on the NIRS signal (Mancini et al., 1994; Tran et al., 1999) . However, since the myoglobin is deoxygenated only when the muscle oxygen partial pressure decreases significantly during high-intensity exercise, it is thought that the influence of the myoglobin in inactive muscle is minimal.
The NIRS probe was fixed to the flexor carpi radialis muscle of the right forearm of each subject. NIRS signals were measured during rest, exercise, and recovery periods with a sampling time of 5 s.
Ventilation, respiratory gas changes, and heart rate
Data on ventilation (V E), oxygen uptake (V O 2 ), carbon dioxide (V CO 2 ), and concentrations of end-tidal oxygen (ETO 2 ) and end-tidal carbon dioxide (ETCO 2 ) were obtained breath-bybreath using a respiratory gas analyzer (AE-280S, Minato Medical Science, Osaka, Japan). V E was measured by a hotwire flow meter, and the flow meter was calibrated with a syringe of known volume (2.0 l). O 2 and CO 2 concentrations were measured by a zirconium sensor and infrared absorption analyzer, respectively. The gas analyzer was calibrated by known standard gas (O 2 15.17%, CO 2 4.92%). Heart rate (HR) was recorded using a heart rate monitor installed in the respiratory gas analyzer. These data were measured continuously during rest, exercise, and recovery periods. For each 15-sec interval, the averages of these data were calculated.
Blood pressure
Systolic and diastolic blood pressures were determined noninvasively by synchronizing korotkov sound with heartbeat using an electro-sphygmomanometer (STBP-680, Nippon Colin, Aichi, Japan). A pneumatic cuff was fixed to the left upper arm, and blood pressures were measured at 2-min intervals during rest, exercise, and recovery periods. The mean blood pressure (MBP) was calculated as the diastolic pressure plus one third of the pulse pressure.
Data analysis
The VT was determined using the following criteria: (i) an increase in V E related to VCO 2 , (ii) an increase in VCO 2 related to V O 2 , (iii) an increase in FETCO 2 without a decrease in FETCO 2 , and (iv) an increase in V E /V O 2 without an increase in V E /V O 2 (Scheuermann and Kowalchuk, 1998). The respiratory compensation point (RCP) was determined as the point at which V E /V O 2 began to increase and at which FETCO 2 began to decrease following the isocapnic buffering phase (Oshima et al., 1997; Scheuermann and Kowalchuk, 1998; Takano, 2000) .
In the present study, the data on gas parameters at exercise intensities corresponding to 10-watt leg cycling, VT, RCP and V O 2 peak in each of three ramp exercises were obtained, and then the average for three of these values were calculated. The averages were defined as the values at exercise intensities corresponding to 10-watt leg cycling, VT, RCP and V O 2 peak .
The flexion point of HbD was determined as follows. The data on HbD obtained in each of the three exercises were averaged and then the averages for each 5-watt interval (30 seconds) of NIRS data were calculated in order to attenuate data variation. These data were plotted against work rate (Fig.  1) , and then the point at which HbD began to decrease abruptly was identified visually. Since the changes in HbD before and after the flexion point were rectilinear, two linear regression lines for these parts excluding the data near the inflexion point were made, and then the point of intersection of the two regression lines was calculated. The intersection was regarded as the point at which HbD began to decrease abruptly. The flexion points of HbO 2 and HbT were determined in the same way.
Statistical analysis
Paired Student's t-test was used to compare variables in two groups. One-way analysis of variance for repeated measures was used to determine differences in three or more groups. The strength of the relationship between dependent and independent variables was expressed by a single correlation coefficient of Pearson. A value of pϽ0.05 was regarded as statistically significant. All data are presented as meansϮSDs.
Results
The highest values of the work rate at exhaustion, peak V O 2 (V O 2 peak ) and peak HR obtained in the three ramp exercises were 217Ϯ20 watts, 2.30Ϯ0.12 l · min Ϫ1 and 184.5Ϯ9.3 bpm, respectively. Table 1 shows the work rate, respiratory data and HR measured at the exercise intensities corresponding to 10-watt leg cycling, VT, RCP and V O 2 peak . The rates of increases in V E between each point (work load intervals: 10 watts-VT, VT-RCP and RCP-V O 2 peak , respectively) were 0.19Ϯ0.03, 0.44Ϯ0.07 and 1.32Ϯ0.47 l · min Ϫ1 · watts Ϫ1 , respectively. A tendency for V E to increase was observed in all subjects. Oneway analysis of variance for repeated measures showed that there are significant differences between the rates of increase in V E in 10 watts-VT and RCP-V O 2 peak and the rates of increase in V E in VT-RCP and RCP-V O 2 peak . No significant difference was found between rates of increase in V E in 10 watts-VT and VT-RCP.
Figs. 1-9 show the individual values obtained by NIRS and the work rates at the VT and RCP. From the VT, HbD, which had been increasing before the VT, leveled off in subject 7 and started to decrease in subject 8. In the remaining 7 subjects, HbD continued to increase after the VT. From the RCP, HbD, increasing before the RCP, started to decrease in 5 subjects (subjects 1-5). In two subjects (subjects 6 and 7), HbD, leveled off before the RCP, started to decrease. In subject 8, the rate of decrease from about the RCP became greater than the rate of decrease observed before the RCP. In subject 9, no decrease in HbD from about the RCP was observed. The similar kinetics was observed in HbO 2 in all subjects compared to that in HbO. In subject 9, however, HbO 2 leveled off before the RCP, started to decrease from about the RCP.
In 6 of the 9 subjects (subjects 1, 2, and 4-7), there was just one point at which HbD began to decrease abruptly (HbD dec ). In the remaining 3 subjects (subjects 3, 8 and 9), there were two points corresponding to HbD dec , including the point at which an increase in HbD changed into a decrease and the subsequent point at which the rate of decrease in HbD became sharp. In the present study, HbD dec was defined as the latter point, because in the former 6 subjects, HbD dec was observed at a high intensity of exercise and the rate of decrease in HbD after HbD dec had been reached was relatively sharp. The work rate at HbD dec was 174Ϯ23 watts. In the same way, the point at which HbO 2 began to decrease abruptly (HbO 2dec ) was determined and the work rate at HbO 2dec was 175Ϯ23 watts. These values were not significantly different from the work rate at the RCP and were significantly correlated with work rate at the RCP (HbD dec : Rϭ0.71, PϽ0.05, HbO 2dec : Rϭ0.72, and deoxygenated hemoglobin (Hb). VT: ventilatory threshold. RCP: respiratory compensation point.
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Data for subject 2, as described in Fig. 1 . Fig. 3 Data for subject 3, as described in Fig. 1 .
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Data for subject 4, as described in Fig. 1 .
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Data for subject 5, as described in Fig. 1 .
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Data for subject 6, as described in Fig. 1 .
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Data for subject 7, as described in Fig. 1 .
Fig. 8
Data for subject 8, as described in Fig. 1 .
Fig. 9
Data for subject 9, as described in Fig. 1 . PϽ0.05) (Fig.10) . The flexion point of HbT in subject 8 could not be detected due to its wide variation. However, it seemed that HbT began to decrease from about the VT. In the remaining 8 subjects, HbT continued to increase after the VT. HbT continued to increase until the end of exercise in 2 subjects (subjects 1 and 2), started to decrease from the work rate above the RCP in one subject (subject 3), and started to decrease from about the RCP in 5 subjects (subjects 4-7 and 9). The work rate at which HbT began to decrease observed in 6 subjects was 185Ϯ20 watts and was not significantly different from the work rate at HbD dec in the same 6 subjects (185Ϯ19 watts). Fig. 11 shows the changes in MBP before and after the VT, RCP, HbD dec and HbO 2dec . In some subjects, measurements of blood pressure after the RCP, HbD or HbO 2dec could not be made because the work rates at these points were close to that at exhaustion. Therefore, the data on MBP before and after the RCP, HbD and HbO 2dec are the averages obtained in six, five, and seven subjects, respectively. MBP increased with an increase at the work rate. The values after the VT, RCP, HbD or HbO 2 decr were significantly larger than those before those points.
Discussion
We hypothesized that HbD in the inactive forearm muscle during ramp leg cycling begins to decrease from the VT and this decrease becomes steep from the RCP. Although an abrupt decrease in HbD from the VT was observed only in one subject, an abrupt decrease in HbD from the RCP was observed in almost all of the subjects.
In the present study, it is thought that an abrupt increase in V E from the VT or RCP caused a decrease in HbD in the inactive forearm muscle. The rate of increase in V E per 1 watt Ogata, H et al. J Physiol Anthropol Appl Human Sci, 23: 7-17, 2004 15 Fig. 11 Changes in the mean blood pressure (MBP, mmHg) before and after the ventilatory threshold (VT, a), respiratory compensation point (RCP, b), HbD dec (c) and HbO 2 dec (d). HbD dec : starting points of decrease in oxygenation index (difference between concentrations of oxygenated hemoglobin and deoxygenated hemoglobin, HbD) observed during ramp leg cycling at high intensity. HbO 2 dec : starting points of decrease in oxygenated hemoglobin concentration observed during ramp leg cycling at high intensity. *: The significant difference compared to the value obtained at the prior intensity.
during 10 watt-VT was not significantly different from that during VT-RCP, indicating that the rate of increase in V E from the VT was low. This might be the reason why an abrupt decrease in HbD from the VT was not observed. Because Sheel et al. (2001) found that the leg blood flow at rest was not reduced during non-fatiguing inspiratory muscle but during fatiguing inspiratory muscle work. Therefore, they suggested that blood flow to inactive muscle does not decrease if the level of respiratory muscle work is low. During ramp leg cycling, HbD began to decrease suddenly at a high intensity of exercise in all subjects. The work rate at which HbD began to decrease (HbD dec ) was not significantly different from that at the RCP but was significantly correlated with that at the RCP. In two subjects (subjects 3 and 9), HbD dec was higher than the RCP by about 30 watts. However, the starting point of the slowly decreasing phase of HbD, occurred before HbD dec , was located near the RCP in subject 3. These results suggested that HbD dec starts from the RCP.
In the present study, HbO 2 also showed a sudden drop after the RCP had been reached. The change in HbO 2 is thought to indicate change in oxygen content at the level of skeletal muscle microcirculation such as arterioles, capillaries, and venules (Hansen et al., 1996) . However, since most of the blood in skeletal muscle is located in the veins and because of the lower apparent hematocrit in capillaries, change in HbO 2 reflects mainly change in the venous oxygen content. From this oxygen content, blood flow can be estimated as follows.
Where V O 2 is oxygen uptake, Q is blood flow, CaO 2 is arterial oxygen content, and CvO 2 is venous oxygen content. CaO 2 is assumed to remain constant. Thus, in the inactive muscle in which oxygen consumption remains almost constant, a decrease in blood flow can be estimated from a decrease in CvO 2 . The decrease in CvO 2 leads to a decrease in HbO 2 . Thus, the change in HbO 2 would be similar to that in HbD.
In 6 of the 9 subjects, HbT, an index of blood volume, began to decrease during ramp leg cycling at the high intensity. The work rate decreasing in HbT was almost the same as that at HbD dec , and this result suggested that the decrease in HbD was related to that in blood volume. A decrease in blood volume results more largely from the blood outflow than from the blood inflow. Thus, it is possible that a decrease in HbD does not stem from a decrease in the blood inflow but from an increase in blood outflow. However, in 2 subjects, HbT continued to increase after HbD dec had been reached. An increase in blood volume arises more slightly from the blood outflow than from the blood inflow. In this case, therefore, a decrease in HbD indicates a decrease in blood inflow. Furthermore, this decrease would be caused by vasoconstriction because blood pressure, which enhances the rate of blood inflow, continued to increase after HbD dec had been reached.
From the RCP, arterial carbon dioxide partial pressure (PaCO 2 ) begins to decrease due to hyperventilation. Studies using animals have been carried out to determine whether the hypocapnia induced by passive hyperventilation using a ventilator causes a decrease in the skeletal muscle blood flow. Gustafsson et al. (1993) reported that the skeletal muscle blood flow was reduced within 5 to 10 min of the induction of the hypocapnia. Karlsson et al. (1994) also reported that the skeletal muscle blood flow was decreased about one hour after the induction of the hypocapnia. These results suggested that a reduction in PaCO 2 has no acute effects on the decrease in the skeletal muscle blood flow. Furthermore, Hampson and Piantadosi (1990) reported that no reduction in NIRSdetermined HbO 2 in skeletal muscle was observed during the hypocapnia. Thus, the effect of a decrease in PaCO 2 on decrease in HbD would be minimal. Harms et al. (1997) reported that the reduction in the blood flow and oxygen supplied to the exercising leg due to the ventilatory muscle work was accompanied by an increase in the noradrenalin spillover (i.e. an index of sympathetic nerve activity). Thus, they suggested that the decrease in the exercising leg blood flow was caused by an increase in the sympathetic vasoconstriction. Sheel et al. (2001) also suggested that the sympathetic vasoconstriction was responsible for the decrease in the inactive leg blood flow during the inspiratory work because St Croix et al. (2000) found that the sympathetic nerve activity was increased by the same inspiratory muscle work. Therefore, the decrease in HbD from the RCP observed in this study might be related to an increase in sympathetic nerve activity.
In conclusion, although an increase in the ventilatory muscle work from the VT has little effect on the hemodynamics in the inactive muscle, an increase in the ventilatory muscle work from the RCP has a great effect on the hemodynamics, resulting in a decrease in HbD. 
